؊6 mm 2 s ؊1 , respectively. The high axial resolution allowed preliminary evaluation of fiber connectivity using the fast-marching tractography algorithm, which generated traces of fiber paths consistent with the well-known cord anatomy.
INTRODUCTION
Diffusion tensor imaging (DTI) is a magnetic resonance (MR) technique that is sensitive to the diffusion of water molecules within and across the intra-and extracellular spaces of tissues, i.e., to displacements of the order of 10 m. For this reason the diffusion tensor (DT), calculated from DTI, reflects on a macroscopic scale (voxel size of the order of a few mm 3 ) the microscopic structural organisation of fibers .
The success of DTI in the brain is well established because of its capability for detecting structural pathological changes, which are not evident on the conventional images, even at a very early stage of the pathology (Burdette et al., 1998; van Gelderen et al., 1994) . Rotationally invariant parameters calculated from the DT, such as the mean diffusivity (MD) and the fractional anisotropy (FA) index , allow quantitative analysis of the overall diffusion properties of tissues and of the degree of fiber organization, respectively. Also, more recently the DT has been used to visualise and quantify fiber direction, determining connectivity between regions of the brain (tractography) (Conturo et al., 1999; Pajevic and Pierpaoli, 1999; Parker et al., 2001; Basser et al., 2000) .
Application of DTI in central nervous system regions, other than the brain (i.e., optic nerve, spinal cord) has proved to be difficult because of the need for high-resolution acquisition methods that are artefact free and that can be obtained within a clinically acceptable time frame (Iwasawa et al., 1997; Wheeler-Kingshott et al., 2002; Freeman et al., 1998; Clark et al., 1999 Clark et al., , 2000 Ries et al., 2000) . The spinal cord (SC), in particular, would benefit from robust methods able to depict its structure and sensitive to subtle changes in its organisation caused by a pathological process. Numerous intrinsic inflammatory (e.g., multiple sclerosis (MS)) and degenerative disorders involve spinal cord tracts and the neurological sequelae can be severe with motor symptoms and sphincter dysfunction. An in vivo imaging method which reliably detects cord white matter tracts, and quantifies their structural integrity and disruption due to disease, thus has a potential role in diagnosis, prognosis and in clarifying the natural history and pathophysiological mechanisms of SC disorders.
The first reported in vivo study of the diffusion properties of the human SC used sagittal diffusionweighted images to measure the apparent diffusion coefficient (ADC) (but not the full diffusion tensor) along its longitudinal and transverse axes (Clark et al., 1999) . Further work by the same group showed promising results from a pilot study in MS patients with spinal cord lesions (Clark et al., 2000) (again, using a sagittal acquisition plane). More recent publications reported results from the full spinal cord DT (Ries et al., 2000; Alsop et al., 2000; Shimony et al., 2000) ; of these, the only full paper is (Ries et al., 2000) , reporting results from DTI acquired again in a sagittal plane and applied to a cohort of patients with cervical canal narrowing due to cervical spondyosis.
However, it would be desirable to acquire high resolution axial FA maps to allow differentiation of white and grey matter areas in the cord and to determine the effect that diseases such as MS have on individual SC white matter tracts (Hickman et al., 2000) . Moreover, high resolution in the axial plane is also optimum for the definition of seed points for the application of the tractography algorithms to distinguish fiber bundles within the SC.
This study is the first report of axial DTI acquisition from healthy volunteers, covering most of the cervical SC. Three interleaved ZOOM-EPI acquisitions were used to obtain 30 contiguous 5-mm-thick axial slices, starting in the medulla oblungata and extending throughout the cervical SC, in a total scan time of 30 min. Preliminary results obtained with the fast marching tractography (FMT) algorithm demonstrate that it is possible to distinguish major white matter tracts in the SC. This study also reports FA and MD measurements along the SC, using a region of interest (ROI) approach over the whole axial SC cross-section.
MATERIALS AND METHODS

Acquisition
All the images were acquired with a 1.5 T GE Signa (General Electric, Milwaukee, WI) MR imaging system with a maximum gradient strength of 22 mT m Ϫ1 and a slew rate of 120 Tm Ϫ1 s Ϫ1 . The body coil was used for transmission, while a posterior-neck surface coil was used for reception.
ZOOM-EPI is a Spin Echo EPI imaging technique, which uses a tilted 180°refocusing pulse to excite a reduced Field Of View (FOV) in the phase encoding direction (FOV PE ), avoiding wraparound artefacts (Symms et al., 2000; Mansfield et al., 1988; Feinberg et al., 1985; Ailion et al., 1992) . Of the selected FOV PE only a central portion of it, the inner volume (IV), is fully excited and sequence parameters must be carefully chosen to ensure this covers the required anatomy. The readout field of view, FOV RO , however, can be freely chosen to obtain the desired resolution, as wraparound artefacts potentially caused by FOV RO being smaller than the object are avoided by the use of standard receiver bandwidth limiting filters. The EPI echotrain acquires enough data to reconstruct a single-shot "zoomed" image; minimizing the echo train in this way greatly reduces susceptibility induced distortions. Diffusion weighting was obtained applying two identical diffusion sensitising gradients, one either side of the 180°pulse, along 49 directions, optimized for the diffusion tensor calculations (Jones et al., 1999) .
Parameters used for our SC DTI acquisition are: imaging plane ϭ axial (read-out (RO) ϭ left-right; phase encode (PE) ϭ anterior-posterior; slice selection ϭ superior-inferior); FOV RO ϫ FOV PE (IV) ϭ 80 ϫ 50 (33) mm 2 ; acquisition matrix ϭ 64 ϫ 40; EPI total echotrain length Ϸ44 ms; in-plane resolution ϭ 1.25 ϫ 1.25 mm 2 ; number of slices ϭ 10; slice thickness ϭ 5 mm; slice gap ϭ 2 ϫ slice thickness ϭ 10 mm; echo time (TE) ϭ 108 ms; repetition time (TR) ϭ 5 cardiac cycles ϳ6 s; number of repetitions ϭ 2; ␦ ϭ 28 ms; ⌬ ϭ 35 ms; b max ϭ 700 mm Ϫ2 s, where ␦ and ⌬ are the StejskalTanner diffusion parameters (Steiskal and Tanner, 1965) and b max , used to calculate the DT, depends on ␦, ⌬, and the diffusion gradient amplitude (Le Bihan, 1991) .
The acquisition of 30 contiguous slices is achieved by interleaving three experiments, with the starting position of each group of slices shifted by one slice thickness (see Fig. 1 ). The total number of images acquired is 2940 (10 slices ϫ 49 diffusion directions ϫ 2 repetitions ϫ 3 experiments) and the total acquisition time is Ϸ30 min (Ϸ6s ϫ 49 diffusion directions ϫ 2 repetitions ϫ 3 experiments). SNR and static field uniformity were optimised by performing a manual shim at the beginning of the DTI acquisition, over a volume localized on the SC. An example of 30 b ϭ 0 images is given in Fig. 2A ), while Fig. 2B ) shows 30 of the 49 diffusionweighted images corresponding to slice 11. Four healthy volunteers were scanned with the final, optimized protocol (many more during the protocol optimisation) and a scan-rescan experiment was performed on one of them.
Data Analysis
The signal averaging process and the DT calculations were performed off line using in-house software. We used magnitude signal averaging because of its lower sensitivity to motion than complex averaged diffusion-weighted EPI images (Alsop et al., 2000) . For each pixel, the diffusion tensor was calculated and diagonalised to obtain three eigenvalues, , and the corresponding eigenvectors, , indicating magnitude and orientation of the principal direction of diffusivity ( 1 , 1 ), and two orthogonal components, ( 2 , 2 ) and ( 3 , 3 ). Two rotationally invariant indexes, FA and MD, were calculated from 1 , 2 and 3 . ROIs of the cord cross-section were determined with a thresholding method (Plummer et al., 1992) applied to the FA maps where the cerebroSpinal fluid (CSF) is much darker (more isotropic) than the SC itself and good contrast was therefore available to segment the cord. To assure consistency, the same investigator (SJH) generated all the ROI files. The same ROIs were used to calculate MD and FA at each slice position. The principal eigenvector, parallel to the main diffusion direction (i.e., along the white matter fibers), ʈ ϭ 1 , and the corresponding average orthogonal component, Ќ ϭ ( 2 ϩ 3 )/2, were also evaluated. In this study only 17 of the 30 slices acquired along the SC were used for the ROI analysis (the most superior slices normally show the brain stem, while the most inferior have a low SNR, due to the surface coil profile (Fig. 2A) ). The top slice analyzed was chosen to be the one corresponding to the start of the SC, i.e., below the lowest appearance of the medulla and cerebellum. The lowest slice chosen was the last one on which the cord could be easily identified. The results combine the values from four different subjects plus the rescan of one subject (after a 2-week delay) and the values from a second set of ROIs, redrawn on one dataset. Slices were matched by corresponding distance in millimetres from the first SC slice of each subject. No registration algorithm was used to overcome anatomical differences between different subjects, to correct for eddy current artefacts and motion within each dataset, or to convert from distance in the slice selection to distance along the (curved) axis of the cord.
The FMT algorithm ) was used to attempt SC fiber tractography. Briefly, FMT calculates the likelihood of connection between each voxel of the cord and a seed point, chosen by the investigator; it then uses the information contained in the likelihood of connection maps to generate the most probable tracts back to the seed point. In this explorative investigation, all 30 slices from one of the acquired datasets were used.
RESULTS AND DISCUSSION
ZOOM-EPI has the advantages of being more signalto-noise ratio (SNR) efficient than other "motion insensitive" imaging techniques, e.g., line scan imaging (Gudbjartsson et al., 1998; Finsterbusch and Frahm, 1999) , while being less sensitive to motion than multishot sequences, which rely on postprocessing correction, e.g., using the acquired navigator echoes (Ordidge et al., 1994) . The reduced FOV of our ZOOM-EPI sequence allows high in-plane resolution on axial acquisitions, while maintaining a short EPI echotrain. This is an essential feature of the protocol because it reduces the artefacts caused by susceptibility differences between the SC and the surrounding bony structures of the vertebra. Moreover, the single-shot acquisition of each image (in approximately 44 ms) reduces motion artefacts due to respiration within each image and allows the acquisition of a higher number of diffusion weighted slices per TR. Triggering the acquisition of each set of images on the cardiac cycle reduces artefacts from pulsatile flow of the surrounding CSF, although it implies that CSF suppression cannot easily be implemented because of the variable TR.
A characteristic of ZOOM-EPI is the need for a slice gap between successively acquired slices; if contiguous slices are required, it is necessary to repeat the experiment more than once to cover a complete volume. We found that a good compromise between short acquisition time, efficiency of FOV PE /IV ratio, reduced echotrain length, and high resolution was to split the acquisition of the SC volume into three experiments as shown in Fig. 1 . Rather than being a limitation, splitting the acquisition into three series allowed us to keep a relatively short TR, introducing a slight T 1 attenua- tion of the bright CSF signal, which could otherwise lead to problems calculating the tensor .
The diffusion tensor was evaluated pixel by pixel, while quantitative analyses were performed on the whole axial area of the SC. Figure 3 shows how the DTI parameters vary over an 85 mm length of the cervical SC, while Table 1 summarizes the results. Figure 3a shows that FA varies with position along the spinal cord. The FA is at its highest value around C2/C3 (Fig. 3A) . This significant result may reflect the high alignment of white matter fibers at this cord level. More caudally, the lower FA may be partly due to the branchial plexus nerve roots that innervate the upper limbs entering and leaving the lower cervical SC, which leads to some disruption of the directional coherence of the fibers on the scale of a voxel. However, roots emerge at all levels, and a perhaps more important effect on FA is the ratio of white/grey matter at different levels along the cervical cord (Barker, 2001) . A measure of the normalised cord area performed on the same dataset (Fig. 3D) showed an area decrease, at the same position as the FA increase (Fig. 3A) and conversely, a slight increase toward the rostral end where FA decreases. This could be associated to the presence of more grey matter nuclei in the region of the cervicomedullary junction. The slightly lower FA at C5-6 would also be consistent with an increase in grey matter at the cervical enlargement.
Fractional Anisotropy
To the best of our knowledge, this is the first report of FA values along the cervical SC, although Ries et al. (2000) quoted one FA value per subject, measured on sagittal slices, with an average FA of 0.83 Ϯ 0.11, slightly higher than our findings. The FA resulting from our study shows its highest value of 0.66 Ϯ 0.03 at C3 (slice position 8) and has an average of 0.61 Ϯ 0.05, within the range of white matter fractional anisotropy values in the brain .
FIG. 4.
Diffusion Tensor (DT) parameters of the spinal cord of one of the healthy volunteers. Sagittal, coronal, and axial fractional anisotropy (FA) maps, overlaid with the principal eigenvector, modulated by its eigenvalue, indicating the principal direction of diffusivity (red needles). The axial view is the acquisition orientation, while the sagittal and coronal views are reconstructed from the 30 axial images. Notice the alignment of the vectors along the spinal cord. Axial maps of the DT (at the level indicated by the green arrow between the sagittal and coronal views) are also shown. 1 represents the principal diffusivity, i.e., along the spinal cord. The areas of higher diffusivity correspond to the position of white matter tracts (red arrows). These also look bright on the axial FA map (yellow arrows), although their appearance is less distinct. 2 and 3 are more uniform and darker as they represent the much lower in-plane diffusivity. The cerebrospinal fluid (CSF) shows itself dark and with randomly oriented vectors (isotropic) on the FA map, while very bright (high diffusivity) on the maps.
Mean Diffusivity
The mean diffusivity (Fig. 3B) shows some variations with slice position, but these are not statistically significant. The average MD value along the cervical SC from this study is (940 Ϯ 40) ϫ 10 Ϫ6 mm 2 s Ϫ1 and agrees closely with previously published values of MD in the SC of healthy subjects (Clark et al., 2000; Shimony et al., 2000) , although other studies have reported higher values (Clark et al., 1999; Ries et al., 2000) .
Eigenvectors of Diffusion
ʈ and Ќ behave as expected from the SC structure (Fig. 3C) . Furthermore, as their value is derived from the diagonalisation of the DT, they are independent of the relative orientation of the SC and the magnetic field gradients (unlikely previously reported ADC values which depend on the subject position in the scanner (Clark et al., 1999 (Clark et al., , 2000 Ries et al., 2000) ). Previous publications reported higher values for the ADC components (Clark et al., 1999; Ries et al., 2000) , but we find the mean of ʈ and Ќ to be (1648 Ϯ 123) ϫ 10 Ϫ6 mm 2 s Ϫ1 and (570 Ϯ 47) ϫ 10 Ϫ6 mm 2 s Ϫ1 , respectively, in good agreement with (Clark et al., 2000; Shimony et al., 2000) . Although the methods of quantifying the SC diffusion coefficients differ between different publications, the anisotropy measurement obtained by the simple ratio between the diffusion coefficient along and across the cord (either calculated from the DT or approximated by the ADC components) shows high anisotropy in all the studies (e.g., ϳ2.9 in our study, ϳ2.6 in Ries et al.; ϳ2.7 in Clark et al.) . The remaining inconsistencies probably reflect the use of different acquisition techniques (DW-SE (Clark et al., 1999 (Clark et al., , 2000 , multishot-EPI (Ries et al., 2000) , single-shot-EPI (Shimony et al., 2000) , Single-shot RARE (Alsop et al., 2000) , ZOOM-EPI) in different orientations, with different resolution, sensitivity to motion and partial volume effects, and even sampling different portions of the diffusion decay curve (different b-factors).
Image Display
Examples of the FA and of the DT eigenvalues along and across the SC (FA, 1 , 2 , and 3 , respectively) are shown for one subject in Fig. 4 . The axial views corre- spond to the acquisition orientation, while the sagittal and coronal views have been reconstructed from the 30 axial slices for display purposes only. The FA maps have been overlaid with the principal eigenvector, derived from the DT to represent the direction of the highest diffusion component, modulated with the corresponding eigenvalue.
The diffusivity across the SC ( 2 and 3 ) is much lower than along the SC ( 1 ); in fact, the axons running along the SC create a very anisotropic structure, where random thermal motion along the axons and the surrounding extracellular space is much less restricted than motion in the perpendicular plane.
Although from the current data it is not possible to distinguish between white and grey matter unambiguously (and on every section) for a quantitative analysis, the map of 1 (Fig. 4) shows lower diffusivity in the centre of the cord area, where anatomically there is grey matter, and higher diffusivity in lateral and posterior regions where there are white matter tracts. This structure is also seen in some of the axial sections on the FA map, where the FA is lower in the centre of the cord corresponding to grey matter (see axial FA image, arrowed, Fig. 4) .
On the sagittal and coronal views, shown in Fig. 4 , the alignment of fibers is reflected in the high alignment of the principal eigenvectors along the cord main axis and in the alignment shown by neighbouring voxels within the cord. In contrast, there is no alignment between the small in-plane components of the principal eigenvector, shown on the axial slice, which are approximately randomly oriented.
Notice also the apparently random orientation of the eigenvectors in the CSF regions, shown on all the FA maps. The length of the eigenvectors is consistent with the fact that water molecules diffuse almost freely in the CSF, characterised by the highest diffusion coefficient values in all directions (bright ring which surrounds the SC in all, 1 , 2 , and 3 maps) and the lowest FA value (0.12 Ϯ 0.05), due to its isotropic nature.
SC Tractography
Ultimately, it would be desirable to be able to exploit the FA information given in Fig. 4 to determine white matter fiber integrity along the SC. In order to achieve this, it will be necessary to discriminate between white and grey matter and between different areas of fiber bundles. We tested the results of our method to see if the eigenvector maps created are suitable for determining tract connectivity along the cervical SC, using the FMT algorithm available in our unit ) (notice that other algorithms, e.g., streamline, should be equally applicable). Although at present this is a purely qualitative analysis, it was possible to trace major white matter bundles, running along the SC, following wellknown anatomy relative to the seed point chosen.
In Fig. 5 the axial FA maps of the SC have been overlaid with connectivity likelihood maps, obtained with the FMT algorithm (the red pixels are arbitrarily scaled to represent different degrees of likelihood of connection, with the bright red pixels having the highest likelihood of being connected to the seed point).
The starting voxel of the generated tract was chosen on slice 10 at a position with FA Ͼ 0.4 (red arrow in Fig. 5) . A threshold of FA Ͼ 0.1 was used to constrain the analysis to the SC tissues. The likelihood of connection reduces further away from the starting point, due to the accumulative effect of noise in the eigenvector orientation. This causes an expanded, blurred region of lower likelihood at further distances from the start point, as can be seen in the last few images of Fig. 5 both rostrally and caudally; nevertheless, as these images are consistently scaled in their red-scale, it seems that there is still high likelihood (bright red) within a penumbra of lower likelihood (dark red) for most of the cord. Figure 6 shows a 3-D rendering of a putative SC tract.
Future Work
While the present results indicate the feasibility of using axial DTI of the SC in clinical studies, further improvements are desirable for example to allow a more precise definition of white matter tracts and central grey matter. A number of methodological developments may help to reach this goal. For example, implementing a method for suppressing CSF signal while retaining cardiac gating would dramatically reduce the contamination of quantitative SC measurements due to partial volume effects. Also, ZOOM-DTI of the SC would benefit from SNR gains obtained with hardware improvement, e.g., using higher sensitivity RF coils, increasing the gradients to achieve the same b-factor with shorter ␦ and ⌬ and therefore shorter TE, and/or moving to higher magnetic field-strength. Moreover, the development of motion correction strategies to apply to the original dataset, prior to DT calculations, plus intra-and intersubject registration should increase accuracy.
CONCLUSIONS
We have shown that axial SC DTI is feasible within a clinically acceptable scan time. We anticipate its application in studies of patients with SC pathological processes. For example, in MS it could investigate damage due to SC lesions themselves and/or Wallerian degeneration, secondary to SC and/or brain lesions. It also opens the way to new clinical investigations of spinal cord connectivity, with a better visualization of the cord structure and a wider quantification of its properties than previously presented methods.
